We estimated the level and determinants of airborne concentrations of 26 volatile organic compounds (VOC) in rural Western Canada. A multisite, multimonth unbalanced two-factorial design was used to collect air samples at 1206 fixed sites across a geographic area associated with primary oil and gas industry in Alberta, northeastern British Columbia, and central and southern Saskatchewan from April 2001 to December 2002. Principal component factor analysis was used to group VOC into three mixtures. Factor I was a group of compounds dominated by benzene, toluene, ethylbenzene, xylenes, and hexane. Factor II was mainly a group of vegetation-related monoterpenes and dichlorobenzenes. Factor III was a group of chlorinated VOC. Linear mixed effects models were applied to identify the determinants of airborne concentrations of VOC and evaluate the association between these factors and oil and gas facilities. Our results indicated that the studied VOC were present in small (ng/m 3 ) quantities. Components of Factor I VOC showed a seasonal variation with maxima in winter and minima in summer, whereas components of Factor II displayed an opposite seasonal trend. Components of Factor III did not show a clear seasonal pattern. We observed that oil and gas facilities only contribute to airborne concentrations of components of Factor I. Proximity to batteries (within 2 km) was most influential in determining monthly airborne concentrations of components of Factor I, followed by gas and oil wells. Modification of batteries to reduce evaporation and leakage might be considered as a measure to control airborne concentrations of compounds such as benzene and toluene.
Introduction
Exposures to volatile organic compounds (VOC) have been linked to carcinogenic, mutagenic, teratogenic, neurological and developmental health effects, airway irritation and skin reactions (Pearson et al., 1994; Hass et al., 1995; Kolstad et al., 1995; Ono et al., 1996; EPA, 1998; Paulu et al., 1999; ATSDR, 2005) . VOC also play an important role in formation of ozone and other secondary photochemical pollutants (Canadian Council of Ministers of the Environment (CCME), 1985; Uno et al., 1997) , which in turn affect human, vegetation, and wildlife health (Burnett et al., 1994; Parnia et al., 2002) . Human activities, primarily fuel production, distribution, and combustion as well as solvent use, land-filled waste, food manufacture, and agriculture, are related to VOC emissions Environment Canada, 2004) . Natural biogenic emissions from plants, trees, wild animals, natural forest fires, and anaerobic processes in bogs and marches also give rise to ambient VOC (Alberta Environment, 2002; Environment Canada, 2005b) .
Upstream oil and gas industry is the largest anthropogenic source of VOC in Canada (Environment Canada, 2004) . This industry comprises all infrastructure used to discover, produce, gather, treat and transport natural gas, liquefied petroleum gas, condensate, crude oil, heavy oil, and crude bitumen to market. The VOC emission sources range from small fugitive leaks on valves and fittings to large point sources, such as flaring, process vents, and occasional well blowouts and pipeline releases (Canadian Association of Petroleum Producers, 1999) . The impact of emissions from upstream oil and gas industry on animal and human health raises substantial concerns in Western Canada. This is especially the case for beef cattle producers, since cattle pastures and primary oil and gas facilities are scattered across the rural areas in Western Canada and often overlap. In response, the Western Interprovincial Scientific Studies Association (WISSA: https://www.wissa.info/) initiated a study to evaluate the impact of exposure to emissions from oil and natural gas facilities on beef cattle health. WISSA oversaw the design, funding, and implementation of the overall project, but only provided funding for the work that led to results presented in this paper. Thus, the authors had complete control over analysis and interpretation of data presented in this paper. As a part of the study, measurements for VOC were collected at fixed locations throughout the Canadian provinces of Alberta, northeastern British Columbia, and central and southern Saskatchewan between April 2001 and December 2002. Exposure measurement strategy was designed to capture typical air levels of VOC, not those arising during process upsets.
The coexisting system of VOC in the atmosphere is complex. Airborne concentrations of VOC are controlled by a balance between those factors that lead to accumulation of pollutants and those that disperse and remove pollutants. These processes are subject to influences by a wide range of temporal and spatial dynamics . The identification of the determinants of VOC concentration is crucial for controlling VOC emissions and protecting air quality. The specific aims of the study of the VOC concentration presented here were to describe the levels and variability of airborne concentrations for VOC, to identify factors that determine airborne concentrations of VOC, and to produce statistical models that can be used to gain insight into the impact of major oil and gas facilities on the airborne VOC concentrations in the rural areas of Western Canada.
Methods

The Data
Air monitoring strategy VOC samples were collected using a multilocation, multimonth, and two-level factorial design. The monitoring sites were located in the vicinity of approximately 33,000 beef cattle in some 200 herds selected across a geographic area associated with primary oil and gas industry in British Columbia, Alberta, and Saskatchewan. The 3 M 3500 organic vapor monitors (OVMs) were each deployed for 1-month period between April 2001 and December 2002. They were systematically relocated to follow the herds as they were transferred to new pastures. For quality assurance and control purposes, an additional 10% of samplers were used as blanks to determine potential contamination sources associated with field handling and transportation. An additional 10% of the sample sites contained 2-3 replicate samples.
The following criteria were used to select monitoring sites:
1. Adjacent to the pasture where the cattle were spending most of their time. 2. Away from minor sources, such as road, farm vehicle emission, fuel and farm equipment storage areas (a separation distance of 100 m was recommended), and local oil field equipment. 3. More than 10 m from roadways and other areas where vehicles were expected to be stopping or idling.
4. Not in the immediate vicinity of local oil and gas facilities. 5. Monitor heights were set from 1.5 to 1.8 m above ground. 6. Away from nearby obstructions such as buildings, hay storage, and trees that may obstruct airflow. Sites were located at least 20 m away from the nearest tree canopy. 7. In a flat terrain (e.g., not at tops or bottoms of hills).
All measurements were collected by RWDI Air Inc., Calgary, Canada for WISSA and we had no input into that process. Map in Figure 1 illustrates the areas covered by 50 km radii around VOC monitoring sites.
Sampling Devices and Chemical Analyses Each monitoring site consisted of a shelter that protected samplers from rain and snow. The samplers were installed upside down to allow undisturbed air movement across the reactive surface equipped with a Teflon membrane impregnated with charcoal. VOC were extracted from the sampling media using a carbon disulfide solution spiked with deuterated standards. The extracts were then injected into a gas chromatograph equipped with a mass spectrometer operated in selected ion-monitoring mode that detected three ions per compound. The sampling rates, controlled by the diffusion barrier, were calculated for each of the 26 VOC based on extensive testing in chambers and in ambient air. Samples were analyzed by a commercial firm (AirZone One Inc., Mississauga, ON, Canada) contracted for the study, and we had limited access to a description of the sampling and analytical procedures that they employed.
Documenting Determinants of VOC Concentrations
Field technicians contracted by RWDI Air Inc. documented nearby potential sources of emissions around sampling sites. The presence of minor sources located within 2 km of the pastures and major sources located within 5 km of the pastures were documented by visual observations. Out of a total of 1241 sites, 432 had no industrial source documented; 87 had no information about nearby potential sources, but other information such as site terrain, tree canopy were documented; 35 had no data. These 35 sites and associated measurements were excluded from modeling determinants of VOC concentrations. The 87 sites that had missing information about nearby potential sources were coded as if there were no industrial sources of VOC. From free-text entries of field technicians, we classified the nearby potential industrial sources into 10 categories described in Table 1 . We only relied on observations of field technicians to define determinants of exposure when comparable geo-coded data was not available from regulatory agencies (see below). We suspected that field observations would be more prone to error and thus can be expected to be poorer predictors of VOC concentration than proximity estimates derived from geo-coded data.
Data on location and type of oil and gas facilities in 2001 and 2002 were supplied by the provincial regulatory (government) agencies. Coordinates of monitoring stations and oil and gas facilities were used to estimate distances between each putative source and monitoring station. Effects of sources on measured concentrations were considered for two concentric distance classes around monitoring stations: 0-2 and 2-50 km. The following types of sources were considered separately: oil wells, gas wells, bitumen wells, batteries, and gas plants. Oil, gas, and bitumen are extracted at wells and then transported and stored in tanks, known as batteries, for further processing at the plants and/or transport to market. Batteries are typically equipped with instruments for measurement and separation of oil/gas/bitumen/water. Some batteries are associated with glycol dehydration units and compressors. Only facilities classified as ''active'' by the regulatory agencies in a given year were considered in analysis.
For each type of source, distance class, and year, we developed a measure of proximity of monitoring stations to facilities in oil and gas industry in the following manner. The weighted sum of distances of similar sources in a given Strosher (1996) , which assumes that concentration of air pollutants in the air is directly proportional to emission rate and 1/(distance) 2/3 . Only those types of sources that can be identified in all provinces were used in subsequent analysis (except for bitumen wells, which were assumed to exist exclusively in Alberta). Thus, proximity (P ijkl ) of kth monitoring station (1, y, K) at lth time (1, y, L) to s sources (1, y, S ijkl ) of ith type (1, y, I) within jth distance class (1, y, J) can be quantified as:
where D is distance in kilometres (km) from the source to monitoring station, and each sum is specific to fixed combination of source type, distance class, location, and year of air quality measurement. If a value of proximity could not be determined, as when there was no bitumen wells within 2 km of a monitoring station, P ijkl was set to zero.
Statistical Analyses
Descriptive Analyses and Data Reduction Nondetectable VOC measurements were replaced by one-half of the lowest concentration reported for a given compound. Because histograms of VOC concentrations were very right-skewed, natural logarithm transformations were applied to obtain normally distributed variables for analyses. Factor analysis is widely used to reduce the number of mutually correlated dependent variables, and to categorize measured compounds into groups with distinct underlying characteristics based on the covariance of their concentrations Burstyn, 2004; Meijster et al., 2004; Millet et al., 2005) . Preliminary analyses indicated that many of VOC were mutually correlated. Therefore, principal component factor analysis was used in this study to reduce the number of dependent variables. Because VOC concentrations were measured repeatedly in some months and locations, the independence of observations assumption of factor analysis was violated (by time series with repeats at some time points). Therefore, logarithmic means of VOC concentrations for each sampling site were calculated, and factor analyses were performed on them, to remove dependence among repeats from the data. VARIMAX rotation of the factors was used to obtain orthogonal factors that explained maximum amount of common variance. Eigenvalues and scree plots were used to determine the number of factors to be extracted. A factor loading of greater or equal to 70.5 was considered as a cut-off point for interpretation of the factors. These analyses were repeated for each month to observe whether the nature of factors was subject to temporal variability, showing that composition of factors did not vary from month to month (not shown). Therefore, violation of assumption of independence owing to time series was judged to be of little significance to our results.
Standardized scoring coefficients were used to calculate new variables corresponding to each factor. The values for the new variable (Y Fv ) corresponding to the factor F and vth sample/measurement were calculated as
where o Fz is the standardized scoring coefficient for factor F and zth VOC and [VOC zv ] is a concentration of zth VOC in vth sample. A semivariogram is an appropriate tool to examine spatial dependence for measurements sampled at irregularly spaced sites (Cressie, 1993) . It is a plot of semivariance versus separation distance that allows one to detect and visualize spatial correlation in the data. It relies on the notion that measurements taken in close proximity to one another will be more similar if spatial correlation exists. Regular and robust semivariograms were constructed for factor scores. Spatial correlation coefficients within lag distance of 5 km were estimated. The results of semivariogram analyses were used to guide the selection of the structure of random components of the predictive models, as explained below.
Identifying Predictors of VOC Concentrations A mixed
effects model was used to define seasonal effect, spatial correlation, and random effects of months, sampling sites, and replicates:
Y hijm represents the factor score at the ith sampling site, and the jth replicate in the hth month and mth season ( ¼ Y Fv in Eq. (2)); m y represents the true unknown mean of factor scores; d represents the regression coefficient (fixed effect) for the dummy variable ''season'' (winter: November-April or summer: May-October); t h represents the random effects of the hth month; l i represents the random effects of ith sampling site; e j(hi) represents the random effect of the jth replicate nested in the ith sampling site and the hth month (vth sample in Eq. (2)). It was assumed that t h BN(0,s m 2 ) and e j(hi) BN(0,s r 2 ), and that these are mutually independent. If semivariograms of the factor scores indicated negligible spatial correlations, we further assumed that l i BN(0,s s 2 ) and is independent of other random effects. If semivariograms suggested even a moderate spatial correlation, spatial random effect l i with expectation zero and covariance g 0 (d) was considered; it was also independent of t h and e j(hi) . The structure of covariance g 0 (d) was defined as spherical based on the shape of semivariograms (Eq. (4)):
where g 0 (d) is the covariance between points with distance d, the absolute distance between points in km; R40 is the range beyond which variance is independent of separation distance, C 0 is the nugget effect (variability in one location), and C 1 is the sill (variability between measurement that are further apart then the range; Cressie, 1993) . When the distance d between points reaches to the range R, the points will be far enough apart to be independent (Cressie, 1993) . Under the basic mixed effects models, the ratio of 97.5th to 2.5th percentiles of estimated frequency distribution (R 0.95 ) of the values of factor scores between repeats, locations, and months were estimated by exp(3.92s r ), exp(3.92s s ), and exp(3.92s m ), respectively (Rappaport, 1991) . If spatial correlation was detected, R 0.95 was only computed for sampling sites when their separation distance reached the range where values of the dependent variable (i.e., factor scores) could be considered independent.
The empirical models of the determinants of VOC levels were constructed through univariate analyses and multivariate analyses. Univariate analyses were performed by adding each fixed effect to the basic mixed effects models one a time. We chose distance weights of oil wells, gas wells, bitumen wells, batteries, and gas plants from the regulatory data, and flare, other oil and gas facilities, other industry, highway, road, and vegetation from reports of field technicians as potential determinants of VOC levels. To use distance weights as fixed effects in statistical models, we log transformed them. This was indicated because factor scores were a function of logarithms of 26 VOC concentrations. Furthermore, a constant value of 1 was added to all distance weights (P ijkl ) before log transformation to avoid the problem with logarithm of 0 being undefined.
We evaluated statistical significance (Pr0.05) and direction of effect estimates. Only those variables that were significant in univariate analyses and whose estimates were plausible were considered further in multivariate models. Plausibility was evaluated considering that (a) having the fixed effect estimate in the expected direction, as it is unrealistic to expect a suspected source of benzene to be associated with reduced levels and (b) positive association with proximity measure in 2-50 km distance class only makes sense if positive association was also observed in o2 km distance class for a given type of determinants. Correlations between all logarithms of distance weights (i.e., log(P ijkl þ 1)), and correlations between all indicator variables were examined. Pearson correlation coefficient and a Phi correlation coefficient were computed, respectively (not shown). If two variables had correlation of at least 0.7, only the one that produced greater improvement in overall model fit was included in the final multivariate models.
For multivariate analyses of determinants of VOC levels, we used mixed effects model of the following general form:
where b w represent estimates of fixed effect of wth (1 ,y, W) determinant of VOC factor scores and X whi represent values of fixed effects of determinants of VOC factor scores on hth month at ith site; Y hijm , m y , d, t h , l i , e j(hi) have the same meaning as in basic mixed model (Eq. (3)).
A stepwise variable selection approach was used to generate parsimonious models. Variables were selected if they were both statistically significant (Pr0.05) and had plausible estimates (as defined above). The assumptions of the mixed effects model were examined through plots of the residuals.
All statistical analyses were implemented in SAS: factor analysis (PROC FACTOR), semivariograms (PROC VARIOGRAM), and linear mixed effects models (PROC MIXED).
Results
The number of samples peaked in summer as herds were moved to pastures and separated. The number of air samplers deployed ranged from 145 to 1031 per month and there were 117-947 sampling sites per month. There were a total of 11,399 air samples (13% of them were replicates). Well(s) (including oil well, gas well) was the most common type of oil and gas facility recorded by field technicians in the vicinity of monitoring stations, followed by road, plant, flare, and battery (Table 2) .
The concentrations of the 26 VOC were in ng/m 3 quantities (Table 3) . Benzene, toluene, ethylbenzene, xylenes (BTEX) and hexane are common VOC detected in rural areas of Western Canada (0.60-5.30% nondetectable values). Pentachloroethane, 1,2,4-trichlorobenzene, styrene, and hexachloroethane were rarely detected. The geometric mean of hexane was the highest, followed by toluene, dichloromethane, and benzene. Among chlorinated VOC, dichloromethane concentration occurred in the highest concentration. The geometric means of a-pinene, d-limonene and n-decane and p-cymene in our study were on the order of 10-17 ng/m 3 . There was a considerable variability in measured concentrations: geometric standard deviation up to 15.7 for dichloromethane and on the order of 3-7 for most other compounds.
Factor analysis revealed that the first three factors accounted for a total of 47% of the multiple correlations among the VOC (Table 4) . These factors (i.e., grouping of chemicals) appeared to be stable from month-to-month (data not shown). Factor I accounted for 29% of the multiple correlations and appeared to represent a group of short-lived hydrocarbons known to originate from oil and gas operation and combustion. It was most strongly associated with BTEX, hexane, cumene, and trimethylbenzenes. Factor II accounted for 11% of the multiple correlations and included vegetation-related VOC (monoterpenes and dichlorobenzenes). Dichlorobenzenes do not occur naturally, but are used in fumigants and insecticides (ATSDR, 2005) . Therefore, they are associated with human activities related to biota. Factor III accounted for 7% of the multiple correlations and consisted of chlorinated VOC. Seven VOC (with five having a considerable proportion of nondetectable values) did not resolve into any factors.
Monthly mean scores for each factor were calculated to examine time trends in VOC levels (Figure 2 Semivariograms revealed that only the scores of Factor I exhibited spatial correlation within about 600 km range (Figure 3 ). This was signaled by a steady increase in semivariance as lag distance (separate distance between monitoring stations) increased till it lost dependence on separation distance, indicating that spatial correlation was not detectable among measurements from monitors further than approximately 600 km apart. There was agreement among trends identified in regular and robust semivariograms. The average spatial correlation coefficient within 5 km was 0.37. For the scores of Factors II and III, the average spatial correlation within 5 km was 0.06 and 0.07 (not shown) and spatial correlations were considered unimportant. Table 5 summarizes variance component estimates obtained from basic mixed effects models of best fit. For the scores of Factors II and III, substantial portion of total variability was owing to measurement error (as assessed by between repeated variance): 53% for Factor II (R 0.95 ¼ 51), 52% for Factor III (R 0.95 ¼ 136), respectively. For the scores of Factor I, spatial covariance structure makes it impossible to assess what portion of total variability was owing to measurement error, but the magnitude of measurement error for Factor I was relatively small (R 0.95 ¼ 11). Spatial variability was dominant for the scores of Factor I (R 0.95 ¼ 108). However, spatial variability only accounted for a small portion of total variability for the scores of Factor II and Factor III: 8% (R 0.95 ¼ 5) and 2% (R 0.95 ¼ 3), respectively.
Results of the univariate analyses are summarized in Table 6 . Significant and plausible fixed effects from these models were considered in constructing the final model of determinants of the scores of Factor I. Because presence of a highway (reflecting related concept of emission from vehicles) was significant in univariate models and exploratory analyses suggested that reported proximity to roads was related to the scores of Factor I, we included the presence of roads for consideration in the multivariate model, even though it was not significant in the univariate analysis. The mixed effects multivariate model indicated that the scores of Factor I were positively associated with proximity to oil well within 2 km, gas well within 2 and 2-50 km, battery within 2 km, other industry, highway, and (secondary) road (Table 7) . The variance components from the final mixed effects model for the scores of Factor I agree with the empirical semivariograms. Compared to the basic mixed model, addition of fixed effects only reduced variance between locations (from 1.429 to 1.325). We dropped a random between-month effect from the final mixed effect model for the scores of Factor I, because the variance of this random effect was not significantly different from zero in the basic mixed effect model (P ¼ 0.08, Table 5 ) and retaining it had adverse effect on model fit.
Time-trends of scores of the three factor
Measures of proximity to oil well, gas well, battery, and presence of highway were negatively related to the scores of Factor II with statistical significance in univariate analysis (Table 6 ). Because Factor II VOC were vegetation related, it is possible that the presence of highway(s) reduced the coverage of vegetation around the sample site. Therefore, the variable of presence of highway was considered for The basic mixed effects model for the scores of Factor I included the fixed effect of season. The estimate of season (winter) ¼ 0.500, standard error ¼ 0.240, and P ¼ 0.037. c Because of existing spatial correlations in factor I, when the lag distance reaches 615 km range or more than 615 km, the variance equals to 1.429. If the lag (separation) distance is less than 615 km, the variance is smaller than 1.429. multivariate analysis. However, relatively little vegetation is cleared in the immediate vicinity of the key oil/gas facilities of interest compared with highway, therefore the estimates for variables of logarithms of distance weights of oil well, gas well, and battery were not consider in subsequent model building. The mixed effects multivariate model indicated that the scores of Factor II were much higher in summer than in winter and were positively related to proximity to vegetation and negatively related to proximity to highway (Table 8) . Addition of these fixed effects only affected between-location variance, reducing it from 0.149 to 0.144. We also offered borderline-significant independent variables positively associated in univariate analysis with Factor II (presence of compressors and proximity to gas plants within 2 km). Estimates of fixed effects for these variables remained borderline significant in the multivariate model without affecting other model parameters (estimate [standard error, P-value]): presence of compressors 0.13 (0.07, 0.08); proximity to gas plants (within 2 km) 13.80 (7.53, 0.07).
Variables of logarithms of distance weights for oil well within 2-50 km, gas well within 2-50 km, and gas plant within 2-50 km were statistical significant in univariate analysis for the scores of Factor III (Table 6 ), but their estimates were negative (not plausible), therefore they were not considered in subsequent model building. No meaningful predictors were found for the scores of Factor III.
Discussion
In our study, geometric means of BTEX and hexane were between 30 and 500 ng/m 3 . These concentrations were 10-20 times lower than those measured in urban and industrial sites in Canada, US, Italy, South Korea, and Hong Kong (Cohen et al., 1991; Gilli et al., 1994; Cheng et al., 1996; Na and Kim, 2001; Chan et al., 2002) . The BTEX concentrations observed in our study were also 3-4 times lower than those measured in other rural areas of Canada, Germany, and United Kingdom (Solberg et al., 1993; United Kingdom Photochemical Oxidants Review Group, 1993; Alberta Environment, 2002) . However, the concentration of hexane observed in our study was 2-3 times higher than annual mean concentrations measured in Langenbrugge, Germany (Solberg et al., 1993) and West Beckham, UK (United Kingdom Photochemical Oxidants Review Group, 1993) . The level of chloroform concentration in our study was comparable with that measured in the Pittsburgh area (Pennsylvania, USA) in 2002 (Millet et al., 2005) . The monoterpenes' concentrations were comparable with concentrations measured in Pittsburgh area (Millet et al., 2005) and Southwest Scotland Sitka Spruce Forest (Hewitt et al., 1995) . It is worthwhile to point out that direct comparison of VOC levels between different sites should be treated with caution, because of differences in weather, topography, and other conditions during sampling. Also, the sampling time and durations can vary between studies (in particular, duration of sampling was unusually long, 1 month, in our data), as do the sampling and laboratory analysis methods used in different investigations. Our results suggest that oil wells (within 2 km), gas wells (within 50 km), and batteries (within 2 km) contribute to environmental concentrations at or near the ground level of components of Factor I. As the number of oil wells, gas wells, and batteries within a given radius increase, the expected concentrations of components of Factor I also rises. These results suggest that the emissions from batteries (within 2 km) were most influential in determining monthly airborne concentrations of components of Factor I, followed by gas wells within 2 km. The model also suggests that oil and gas facilities located at distances within 2 km were more influential in determining airborne concentrations of components of Factor I, compared with those located further away. Limited knowledge of effects of emissions from specific oil and gas facilities on environmental air concentrations of VOC was available before this study.
We observed that emissions from cities and/or towns, highways, and roads contribute to environment concentrations of components of Factor I. Within this group of determinants, proximity to a city or town was most influential in determining airborne concentrations of components of Factor I, followed by highway. This reflects source emission strengths and is in accordance with the literature (Cohen et al., 1991; Na and Kim, 2001; Upmanis et al., 2001; Chan et al., 2002; Papadopoulos et al., 2005) .
Seasonal variation for Factor I was detected, with higher scores in winter and lower scores in summer. This not only reflects enhanced photochemically driven processes in summer, but also greater emission rates in winter such as winter heating and ''cold start'' vehicles. The seasonal variation of anthropogenic nonmethane hydrocarbons with a winter maxima and summer minima was previously observed in rural and urban environments worldwide (Penkett et al., 1993; Jobson et al., 1994; Goldstein et al., 1995; Cheng et al., 1996; Hagerman et al., 1997; Na and Kim, 2001) .
Our findings suggest that oil and gas facilities do not contribute to environmental concentrations at or near ground level of monoterpenes and dichlorobenzenes, which are related to vegetation (Factor II). Seasonal variation with higher scores in summer and lower score in winter was observed for the scores of Factor II. This seasonal pattern may be attributed to higher temperature and sunlight intensity in summer than in winter in Western Canada. Furthermore, dichlorobenzenes are mainly applied to vegetation as pesticides in summer (ATSDR, 2005) . The seasonal variation of monoterpenes with maxima in summer and minima in winter was reported by others (Hewitt et al., 1995; Bertin et al., 1997; Schuh et al., 1997) . Results implying that Factor II VOC can be present in higher concentrations near compressors and gas plants may deserve further investigation.
The results imply that oil and gas facilities do not contribute to environmental concentrations of chlorinated VOC at or near ground level, which are mainly emitted into the air during solvent use (Alberta Environment, 2002). We did not observe seasonal pattern in levels of chlorinated VOC. These compounds have long lifetime in the atmosphere and may be transported over great distances before degrading (ATSDR, 1998) . The relative nonreactivity and long lifetime may be contributed to small spatial variation and no obvious seasonal variation for chlorinated VOC.
Our work suffers from numerous limitations. Unfortunately, we lack data on many potential determinants of VOC concentrations, such as climatic information, prevailing wind direction, precipitation, and topography/landscape around the monitoring sites. Sampling strategy aimed to reduce the influence of some of these factors: topology/terrain and proximity to vegetation (not significant in our models). Some of the features of the locations of monitoring stations would have been captured by random ''location'' effect in the models. Likewise, some of the features of climate and wind patterns would have been captured by random month effects and fixed effect of season, reducing the likelihood of confounding of our time-invariant measures of proximity to putative sources. The matter of prevailing wind can be of significance for long-term samples. Therefore, we tested for directionality of semivariograms, which would have picked up strong ''global'' wind direction effects: there was no evidence of such an effect (data not shown). In addition, better characterization of strength of sources of emissions should also help explain residual variance in our models. At present, we assumed that all sources were of equal potency within a class (e.g., all active oil wells emit the same amount of benzene). This is clearly simplistic, but obtaining better data on (fugitive) emission rates did not appear to be feasible at the time of study. In constructing measures of proximity to sources, the split point (2 km) and maxima (50 km) were selected based on the consultations with WISSA Science Advisory Panel. There are neither strict rules nor empirical data that would guide such selection, and this in fact may be one of the sources of both uncertainty and bias in our results. However, mathematical models employed by Scott et al. (2003) to study SO 2 emission from point sources in oil and gas industry in Western Canada show no decay in concentrations within 1 km and reduce to background level at about 70 km. Scott et al. (2003) discovered that predicted concentrations were relatively insensitive to model assumptions. Thus, our choice of distance classes is not entirely inconsistent with previous work.
Conclusion
The analysis of the multilocation and multimonth VOC concentration data set has provided estimates of the levels of 26 VOC and their variability in rural Western Canada. In general, the concentrations of the VOC were low (in ng/m 3 quantities) and, for the selected compounds (benzene, toluene, and total xylene), with levels below some regulatory guidelines. We observed that oil and gas facilities, especially batteries, contribute to airborne concentrations of BTEX and associated compounds, but they do not contribute to airborne concentrations of monoterpenes and chlorinated VOC. Modification of batteries to reduce evaporation and leakage may be considered as a measure to control airborne concentrations of BTEX compounds around oil and gas infrastructure in rural areas. Increasing separation distance between sources of emission and receptors may also be effective in reducing exposures.
